ABSTRACT: The hydrodynamic characteristics in three pilot scale bubble-diuser contactors have been investigated using the Residence Time Distribution method in order to achieve a better understanding of ozonation contactors and their optimum operational conditions. Two mathematical models for two types of contactor have been proposed and the experiments show a good correlation with the models. The optimisation of some important hydrodynamic parameters has been carried out.
INTRODUCTION
At the present time, ozone is widely used as an eective oxide agent for preoxidation and disinfection. Ozone contactors have been installed in almost every drinking water treatment plant in Europe and North America, and the corresponding standards for ozonation process have been formulated and perfected. In our home country Korea, despite the fact that the application of ozone to drinking water treatment is still in its initial stages, it is a fast developing ®eld. Recently, the Korean Environmental Protection Administration commenced the installation of the pioneer ozonation systems at two drinking water treatment plants, Pu-Pyung and Mun-Mak. Under this set of circumstances, the study and characterisation of the new ozone contactor taken on a more important and interesting perspective.
The most commonly used contactor is the bubble-diuser system, on which our studies were based. The design of a contactor of this type is fairly complicated, because of too many performance variables. For a better understanding of the performance of our contactors, the hydrodynamic nature of uid in the contactors has been studied. The hydrodynamics of water¯ow within a contactor is determined by the contactor's geometry, operating modes and operating conditions, such as contact time, mixing state, mean super®cial velocity of gas and liquid, and so on. Typically, the most common criterion for quantifying disinfection, and therefore the eciency of a contactor, is the CT approach, proposed by USEPA 1989 [1] . The CT value is a numerical product of the residual disinfectant concentration C (mg/L) and the time interval T (min) during which the disinfectant is present. It appears that various ozone contactors with dierent hydraulic characteristics have dierent disinfection eciencies, which can be characterised using a classical approach, based on the Tracer Test studies and the Residence Time Distribution (RTD) curves. From a RTD curve, the eective detention time T 10 can be measured to evaluate the CT 10 value. A higher CT 10 value, required for the better disinfecting creditability, can be obtained by either increasing the amount of ozone or the detention time.
The eective detention time T 10 depends on the hydraulic eciency of both gas and liquid phases and should be determined by tracer studies. For a certain ozone residual concentration C, the higher CT 10 , or the higher hydraulic eciency, is achieved only by longer T 10 . Hence, the optimisation of a contactor is equivalent to the optimisation of the contactor's geometry and operating conditions by a criterion of the maximum T 10 .
Full scale tracer tests were performed at the two water treatment plants for the pioneer project. The operating conditions, such as liquid-¯ow rate, the gas/liquid ratio and dierent RTD were studied. In addition, using experimental data, we can evaluate the¯uid-¯ow at a given condition and optimise the hydraulic characteristics of the future ozone contactors.
OZONE CONTACTORS A ND TRACER TEST

Characteristics of the contactors
Two typical types of contractor were designed and installed for the hydraulic studies: the tank-in-series type and the column type.
At the Pu-Pyung plant, two contactors of tank-in-series were designed for preozonation and post-ozonation, respectively, where the capacity of water treatment is 200 m At Mun-Mak plant, a column contactor was designed, with a diameter of 0.15 m, a height of 3 m and a volume of 60 L. A ceramic porous distributor was mounted at the bottom of the column for introducing the gas with a varying rate from 0 to 10 L/min. Water was introduced from the top of column, reverse of the gas¯ow, as the counter-current mode. The water-¯ow rate ranged from 3.5 to 11.3 L/min and the mean contact time was measured within 6±19 min. The operating conditions and the details of the contactor scales are summarised in Table 1 .
Tracer tests
Tracer tests were performed in each of these three contractors, using NaCl solution as the tracer agent, and the conductometer was used to detect tracer sample at dierent¯ow regime and gas/liquid ratio [1±5]. For the two tanks-in-series contactors, the tracer solution was injected in a pulse-input mode at the point A (for the column contactor, at the top of column) and it was detected at the point B as shown in Fig. 1 (at the bottom for the column contactor). From these tests, the Residence Time Distribution curves or E(y) curves were obtained [6] . A computer program was used to simulate the RTD curves and, accordingly, the hydraulic conditions of the contactors were optimised.
Hydraulic modelling
Many investigators have studied the theoretical and experimental in¯uence of various hydraulic parameters on the performance of a contactor, and several models have been proposed to describe the¯uid-¯ow through a vessel [7±10] . Among these models, some have been widely applied and extended to the ozone contactors for predicting¯uid-¯ow pro®les [3,11±14] . Principally, the axial dispersion model and the tanks-in-series model are typical and are widely utilised to characterise the¯uid¯ow in real contactors. The main parameter of the axial dispersion model is the axial dispersion coecient E s , and the principal parameter of the tanks-inseries model is the number of tanks, J, in the chain. The tankin-series model assimilates to a real contactor with a volume of V L = V j´J , with V j the volume of one tank. The tanks-in-series model was chosen to simulate our experimental data because not only it is simple but also it allows introducing many new parameters, such as the dead zone, the short-circuit or the recycle existing within a real contactor.
Based on the tank-in-series, the following two mathematical2
Here, i = V L /Q l is the mean residence time, y = t/i is the reduction time and m is the fraction of well mixing volume. The mean-root-square error between the experimental and the theoretical curves, DE, can be calculated as:
with N = the number of experiments.
Tracer curve E(y) obtained from the tests can be mathematically manipulated for calculating the J number, the fraction of dead zone, T 10 and T 90 , which are the time when 10% and 90% of the total tracer material leave the contactor, respectively. A discussion of the information obtained from the RTD curve is presented below.
RESULTS AND DISCUSSION
Comparison of experiment and simulation
The RTD curves have been obtained after tracer tests in three contactors installed in the Mun-Mak and Pu-Pyung drinking water treatment plants. Table 2 summarises the tracer test conditions and the results from the RTD at the Mun-Mak plant. It appears that: 1 The experimental data show that the ratio of m/i is close unity, which implies that no dead zone exists within the contactor. Here, m is the mean average of E(y)-curve. 2 The tracer test indicates that the tank-in-series is a good model and that the J number depends on the ratio of gas-¯ow and liquid-¯ow rate. When gas¯ow rate is equal to zero, j number already is above 15, it means the ozone contactor can be considered as a plug¯ow reactor independent on liquid ow rate, As soon as the air is introduced, included with small¯ow rates, the model of¯uid¯ow was immediately changed, j decreases very rapidly below 9, indicating that the ozone contactor can be considered as a perfect mixing reactor in series. Figure 2 shows a comparison between E-curves of the experiment and the tank-in-series model, and Fig. 3 indicates the eect of the gas-¯ow on the E-curve. Generally, there is a good consistency between experimental and theoretical curves.
As yet, there is no widely accepted way to estimate the J number for a given bubble column up to now. Thus tracer tests should be performed on pilot or full scale plants in order to describe the liquid-¯ow by a mathematical model.
According to the tracer tests, the J mixing tanks-in-series with dead zone model ®ts the hydrodynamic behaviour of the liquid-¯ow inside the contactors at the Pu-Pyung plant. Table 3 lists the main experimental results, with a the fraction of the dead zone. Figure 4 compares the experimental E-curve and the theoretical model; Fig. 5 shows the variation of the E-curve in each chamber at a given condition. The best model to describe the two contactors, according to Table 3 , is the model of J (J = 2±13) mixing tanks-in-series with a dead zone fraction of 3±15%. For the post-ozonation contactor, the gas-¯ow rate does not aect the J number, although in the ®rst two chambers the dead zone fraction decreases with the increase of the gas-¯ow rate. It indicates that the gas plays a role of stirrer, improves the mixing and reduces the dead zone. Hence, the contactor has a better performance than without gas. For the preozonation contactor, the additional gas also improves the mixing and reduces a little bit dead zone, but the J number decreases with the increase of gas amount. A low gasow rate, perhaps, is better for the contactor performance. (Tables 2 and 3 
Eect of the liquid and the gas-¯ow on T/i i
The results obtained from the above E-curve analysis are easy to apply to the improvement of the hydraulic condition in a contactor. Table 4 shows a comparison of T 10 /i at dierent conditions. For the column contactor at the Mun-Mak plant, T 10 /i shows a better performance of the contactor under a greater liquid-¯ow such as Q L = 11.3 L/min and i = 6 min, because at a higher liquid-¯ow rate, the plug-¯ow character seems stronger. The increase of the liquid-¯ow improves the hydraulic behaviour of the contactor as T 10 /i increases from 35% (at G = 0 L/min) to 65% (at G = 10 L/min), comparing with the liquid ow rate between Q L = 3.5 L/min and Table 4 Comparison of model prediction for T/i at dierent conditions the other hand, the low gas-¯ow rate also results in a bigger T 10 / i, such as G = 0±10 L/min, T 10 /i = 0.62±0.38 under Q L = 11.3 L/min. (Table 4) In case of a contactor with dierent chambers in series, the geometry con®guration of the contactor, such as the ratio between its length, width and depth, plays a very important role. For the post-ozonation contactor, two chambers in series have an increased T 10 /i value from 24 to 36% and for four chambers in series, a total of 55% can be reached. It seemed that gas played the role of stirring, so with a higher¯ow rate of gas, the dead zone can be improved. However, as regards the preozonation contactor, the second chamber does not seem to be as ecient, the T 10 /ix-value only increased a little, by about 5% on the base of ®rst chamber. Besides, a bigger dead zone always exists when comparing with post-ozonation contactor, maybe this is a caused by its geometry con®guration. Based on this experiment, it is proposed to modify the contactor geometry for the preozonation contactor, as shown in Fig. 6 , or, using a contactor the same as the post-ozonation contactor.
Design of a better contactor
The three important parameters for designing an ozone bubblediuser contactor are the hydrodynamic behaviour of¯uid, the kinetic aspect and the mass transfer eciency between gas and liquid. An ozonation process depends not only on the mass transfer, but also on the kinetic reaction. On the other hand, the eciency of the ozone mass transfer depends strongly on the hydraulics of the contactor. Using the information provided by the hydrodynamic behaviour of¯uid and the kinetic reaction, the performance of an existing ozone contactor can be predicted, or a new type of reactor with optimal operating parameters can be designed. First of all, it is necessary to understand the hydrodynamic behaviour of both gas and liquid within a contactor, either it is a pilot plant or a full scale plant. Consequently, the best model to describe it has to be selected [15, 16] .
In a full scale plant, the contactor's geometric ratio varies greatly. Often, the height is between 3 and 6 m, the width and the length can be similar. The hydrodynamic behaviour of a contactor can be modelled by a closed perfect mixing tank in series with some modi®cations, such as dead zone, shortcirculation, etc. If the J number is high, the hydraulics of contactor is close to a plug-¯ow. However, it is dicult to determine the J number and the fraction of dead ozone for a given bubble-diuser contactor. Alternatively, the tracer test must be performed on pilot or full scale plants, in order to obtain a description of the real behaviour of liquid. Meanwhile, the tracer test must be followed by an ozonation test, to establish a model taking into account the hydrodynamics and kinetics.
In conclusion, the hydraulics of a contactor can have a strong eect on the quantity of the treated water. For any type of kinetic reaction, whether it is very slow, slow or fast, the hydraulics of a contactor play a predominant role. Consequently, the reactor with closed plug-¯ow hydraulics is always better than conventional contactors, if 90% of the pollutant is to be eliminated [17] .
CONCLUSIONS
For a better understanding of the hydrodynamic behaviour of the¯uid-¯ow within an ozone contactor and for optimising the operation conditions of the contactor, the tracer tests have been performed in three contactors at various gas and liquid¯ow rates. Two¯uid-¯ow models have been investigated and a good consistency between the experimental datum and the theoretical prediction has been obtained. The¯ow rate of liquid seems to be very important: at a high liquid-¯ow rate, the¯uid-¯ow mode can be modi®ed towards the plug-¯ow mode with an increasing T 10 /i from 0.46 to 0.62 for a column contactor. For the tank-in-series contactor, the increase of the gas-¯ow rate enhances the mixing and reduces the fraction of dead zone.
With the help of the CT curve, the quanti®cation of the disinfection and the performances of contactor can be estimated and improved to cater for the industrial demand. Future development will include establishing a new model for the simulation of gas phase¯ow and bubble size distribution, applying the Computational Fluid Dynamics Modelling (CFDM) for obtaining more precise information concerning the nature of the¯ow and the distribution of the disinfectant residual.
